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Introduction
The fundamentals of SHS-technology were developed in 60-80s of the 20th century by the school of Academician A.G. Merzhanov [1] [2] [3] [4] . In the framework of these studies in [1975] [1976] [1977] [1978] [1979] [1980] [1981] [1982] [1983] [1984] [1985] there was formed one of the directions called SHS-metallurgy [5] [6] [7] [8] [9] [10] [11] . In these studies the main directions of the fundamental and applied research were formulated, including synthesis of a wide variety of cast refractory inorganic materials: ceramics, alloys and composite materials, as well as manufacturing products made of them and facing protective coatings. SHS-metallurgy uses a mixture of powders of one or more metal oxides with a metal reducer (Al, Mg, Ti, etc.) and nonmetal (C, B, S, etc.) capable of burning as initial feedstock. Aluminum is most commonly used as a metal reducer.
In the independent research in 1980-1982, O. Odawara with his colleagues (Japan) conducted a study of iron-aluminum termite combustion and developed the technology for producing large-sized pipes [12] . In 1990 S. Vuytitsky (USA) designed a radial centrifugal set-up and conducted the first experiments to produce cast hard alloys based on tungsten carbide [13] . Later centrifugal SHS-technology was developed by Lai Ho-Yi and his colleagues and others (China) and G. Cao (Italy) with his staff and others [14] .
At present SHS-metallurgy is researched in Russia, Armenia, Kazakhstan, Georgia, Europe, USA, Japan, Turkey and others [15] [16] [17] To study the microstructure and chemical composition of cast alloys we used a field-emission scanning electron microscope with ultrahigh resolution Zeiss Ultra plus on the basis of Ultra 55 equipped with an X-ray microanalyzer and JCXA-733 "Superprobe", JEOL. To study phase composition we used X-ray diffractometer ARL X'TRA (Basic X'TRA System with Peltier Detector) [17] [18] [19] [20] [21] [22] .
Laws of SHS-Metallurgy: Process, Composition and Synthesis Products Structure Control
Regularities of combustion. Combustion of high-calorific mixtures of metal oxides with reducers and non-metals under atmospheric conditions is accompanied by a strong spread of melt and proceeds in explosive mode. Increased gas pressure (of argon, nitrogen, air) and overload (centrifugal effect) suppress the spread. Combustion takes place in the frontal mode. The average linear combustion rate ranges from a few millimeters to a few centimeters per second. The velocity of the combustion front movement can be changed several times, by varying the pressure, overload, dispersion of the reagents and ratio of reactants in the mixture.
With increasing pressure and overload, the rate of combustion of thermite-type mixtures, generally increases according to power law. In some cases, these relationships are more complex.
The phenomenology of combustion essentially depends on the dispersion of the reactants. In most experiments, dispersion of reagents of thermite mixtures is from 1 to several micrometers. Observation and video filming showed that combustion of mixtures having reactants particle size from 1 to several micrometers proceeds in a steady mode with practically planar front which moves through the mixture at a constant rate.
With an increase in the dispersion of aluminum and non-metals (carbon, boron or silicon) up to 0.1-1.0 mm the combustion front becomes uneven. In the process of movement the front shape changes continuously, but the front unevenness is substantially less than the height of the tablet. The nature of the influence of particle size of the reducer (aluminum) and nonmetal (carbon and boron) on the combustion rate is opposite: with an increase in the size of aluminum particles combustion rate decreases, and with increasing particle size of nonmetal it increases.
Regularities of phase separation. The completeness of the yield of metallic phase (carbides, borides, hard alloys, etc.) into an ingot can be controlled by overloading the phase separation process and cooling two-phase melt by inert additives. This allows obtaining three classes of materials: separated, gradient (partially separated) and cermet (mixed). All of them are used in practice. Fig. 3 a, b and c present the results of separation completeness control of metallic and oxide phases in the range from complete separation to complete non-separation. These approaches are universal and used for a wide range of mixtures.
Regularities of formation of chemical composition of cast products. In general, three phases are formed under combustion: a high-temperature melt, dispergat and gaseous products. After crystallization of the melt, in the case of complete phase separation a two-layer ingot is formed, in which the metallic and oxide phases and clearly separated.
For example, the chemical composition of the phases formed during combustion of a mixture of oxides of chromium, titanium and nickel with aluminum and carbon is presented in Fig. 4 . Each phase Formation of the phase composition, macro-and microstructure of cast products. One of the main factors determining the macrostructure of the cast material obtained from the thermite mixture is the degree of gravity separation of the metallic and oxide phases. It was shown above that by regulating the degree of gravity separation, three types of macrostructure can be obtained: 1 -a two-layer structure with a clear separation of the metallic and oxide layers; 2 -a cermet structure in which the metallic phase is distributed as particles in the oxide matrix; 3 -a gradient structure in which some part of the metallic phase is precipitated in a layer and the other part is distributed in the oxide matrix. This section focuses on the formation of the microstructure of the metallic layer under complete separation of the metallic and oxide phases.
The most complex microstructure is that of multicomponent composite materials. For example, from the melt Ti -Cr -C -Ni -Al matrix of Ni -Al is formed, in which "large" chromium carbide plates and "fine grains" Ti -C are distributed (Fig. 5) .
When molybdenum is introduced into the system, it is dissolved mainly in the titanium carbide grains which take spherical shape (Fig. 6) . Under the effect of overload there proceeds a strong grinding of carbide grains, both on the basis of chromium carbide and that of titanium carbide. A similar effect of overload was found for many refractory compounds and composite materials on their basis [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] .
Applied Problems and Technologies
In the process of combustion of mixtures of metal oxide, reducer and nonmetal there occurs chemical transformation of the initial mixture, and a two-phase high-temperature melt of combustion products is formed. It consists of metallic phase and a reducer
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Ni Al C Ti Cr AM&T resistance to high temperature metallic nickel-based melts and can be used for fabricating cast molds and shape generating cores in the production of GTE blades. Detailed studies revealed that the first material, Al 2 O 3 × Cr 2 O 3 , is promising for making molds, can significantly improve the quality of GTE blades made of alloy ZhS6U: -surface cleanliness from 5-6 to 6-7 class; -grain size in the blade wall 4-6 times; -casting material strength by 20 %. The second material, SiO 2 × Cr 2 O 3 , is promising for the production of mold cores, forming cavities in GTE blades. This material has a unique amorphous structure, it well sinters and has the following advantages over the commercially used corundum:
-high strength (10 %); -smaller k.t.r. (10 times); -can be easily removed from the blade by alkali. Powders for applying protective coatings. In industry coatings are produced by plasma and detonation spraying, gas-thermal and electric arc surfacing. For plasma spraying the powders with dispersion of 40-80 µm are used, and for surfacing -300 µm. In the manufacture of surfacing strips and wire the range of powders dispersion can be considerably wider. In this regard, a study on the grinding process of SHS-material ingots was undertaken.
Grinding of cast SHS-materials is carried out in two stages. In the first stage the ingots are passed through a jaw crusher to obtain large granules, and in the second stage -the granules are ground in the setup in a ball mill, followed by classification. Brittle materials, such as carbides, borides and silicides most easily lend themselves to grinding. When a binder is introduced into the cast material, grinding becomes complicated, and if its content is sufficiently large, grinding becomes impossible. Such materials require different, more severe methods of grinding.
A number of cast SHS-materials have been tested as a basis for protective coatings. Characteristics of the coatings are shown in Table. 1. The coatings have superior properties and can significantly increase the operating life of details used in heavy wear.
Granules with high catalytic activity. SHSmetallurgy technique with subsequent chemical activation has been used to create new catalytic materials -polymetallic alloys Ni -Co -Fe -Mn -Al with a highly-developed Raney surface structure. These catalysts have shown high efficiency for solving environmental problems to neutralize combustion products of hydrocarbon fuels.
In the combustion of hydrocarbon fuels environmentally harmful impurities, such as, carbon monoxide, various hydrocarbons and nitrogen oxides (Fig. 12 b) .
Tests of double-layer pipes with an inner layer of cast corundum on the test bed under prolonged abrasion with abrasive slurry showed that their wear resistance is 20-30 times higher than that of steel pipes [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] [64] .
Conclusion
To implement SHS-metallurgy of refractory inorganic materials taking into account its specific features, the unique equipment, reactors and centrifugal set-ups have been developed and manufactured. They allow for carrying out and studying the processes under the effect of gas pressure (nitrogen and argon, to 12 MPa) and overload (up to 1000 g) .
In the experimental studies, the effect of thermitetype mixtures characteristics (ratio of components in the initial mixture, its density and calorific value, dispersion of reactants, the type of the reducer, etc.), process parameters (pressure and overload), the scale factor (mass and geometry of the reaction volume), etc. on the operational parameters (combustion rate, weight loss during combustion, complete phase separation), chemical and phase composition, structure and properties of combustion products have been found. Based on the results of the research, there was developed a system of control of the composition, structure and properties of refractory inorganic compounds.
In the applied research there have been developed technologies for synthesis of a wide range of cast refractory inorganic materials (ceramics, alloys and composite materials), products and protective coatings.
The proposed approach extends methodological possibilities of synthesis of cast refractory inorganic materials, allows for reducing synthesis time, eliminating complicated high-temperature equipment and minimizing energy consumption.
